A family history of Alzheimer's disease (AD) increases one's risk of developing late-onset AD (LOAD), and a maternal family history of LOAD influences risk more than a paternal family history. Accumulating evidence suggests that a family history of dementia associates with ADtypical biomarker changes. We analyzed cross-sectional data from non-demented, mild cognitive impairment (MCI), and LOAD participants in the Alzheimer's Disease Neuroimaging Initiative (ADNI) with PET imaging using Pittsburgh Compound B (PiB, n = 99) and cerebrospinal fluid (CSF) analysis (n = 403) for amyloid-β peptide (Aβ) and total tau. We assessed the relationship of CSF and PiB biomarkers and family history of dementia, as well as parent gender effects. In the larger analysis of CSF biomarkers, we assessed diagnosis groups individually. In the overall sample, CSF Aβ, tau/Aβ ratio, and global PiB uptake were significantly different between family history positive and negative groups, with markers of increased AD burden associated with a positive maternal family history of dementia. Moreover, a maternal family history of dementia was associated with significantly greater PiB Aβ load in the brain in the parietal cortex, precuneus, and sensorimotor cortex. Individuals with MCI positive for a maternal family history of dementia had significantly more markers of AD pathophysiology than individuals with no family history of dementia. A family history of dementia is associated with AD-typical biomarker changes. These biomarker associations are most robust in individuals with a maternal family history, suggesting that a maternally inherited factor influences AD risk.
Introduction
Identifying risk factors for late-onset Alzheimer's disease (LOAD) can provide diagnostic, mechanistic, and therapeutic insights into this common age-related disease. Although LOAD does not demonstrate recognizable Mendelian patterns, genetic inheritance is a known modifier of LOAD risk. Individuals with a family history of Alzheimer's disease (AD), specifically a parent, have a 4-10 times increased risk [1] [2] [3] .
Even in the absence of cognitive decline, adult children of LOAD parents, and especially those with a maternal family history, show a variety of brain changes that are indicative of LOAD itself. We have shown that nondemented individuals with a maternal family history of AD have increased rates of brain atrophy in several regions of the cortex that are the first to atrophy in AD [4, 5] . Other longitudinal studies on individuals with a family history of LOAD have shown that individuals with a maternal family history have progressive reductions of brain glucose metabolism on 2-deoxy-2-(18F)fluoro-D-glucose positron emission tomography (FDG-PET) compared to those with a paternal family history and to those with a negative family history in both parents [6, 7] . Healthy adult children with a maternal family history of LOAD also have increased fibrillar amyloid-β (Aβ) deposition on PET imaging with Pittsburgh Compound B (PiB) compared to individuals with a paternal or no family history [8] . A recent cross-sectional study showed that subjects with a maternal family history have decreased cerebrospinal fluid (CSF) Aβ 42/40 ratio and increased CSF F 2 -isoprostanes (a marker of oxidative stress) as compared to subjects with a paternal or no family history, even when controlling for apolipoprotein E genotype [9] . These data support the hypothesis that maternally transmitted genetic factors influence LOAD risk [10] .
A limitation to these initial studies has been their small sample size; however, datasets such as the Alzheimer's Disease Neuroimaging Initiative (ADNI) allow access to larger samples with clinical, imaging, and biomarker data. The ADNI dataset includes CSF and PiB biomarker data in individuals with ascertained family histories, which have not been looked at in light of family history. We sought to extend our prior observations of AD-like brain imaging endophenotypes in individuals positive for a family history, and study CSF and PiB markers of AD pathophysiology across family history groups in the ADNI sample. We predicted that markers of AD pathophysiology (higher PiB uptake, lower CSF Aβ, higher CSF tau, and higher tau/Aβ ratio) would be more prevalent in individuals with a maternal family history of dementia. We also predicted that individuals with a maternal family history would have increased PiB uptake in the precuneus and temporal cortices, regions reported to have greater atrophy, abnormal glucose metabolism, and PiB uptake in individuals at risk for AD [4, 8, 9] .
Materials and Methods

Subjects
Data used in the preparation of this article were obtained from the ADNI database (http:// adni.loni.ucla.edu). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug Administration (FDA), private pharmaceutical companies, and non-profit organizations, as a $60 million, 5-year public-private partnership. The primary goal of ADNI has been to test whether serial magnetic resonance imaging (MRI), PET, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early AD (PI: Michael W. Weiner, M.D., VA Medical Center and University of California-San Francisco). ADNI is the result of efforts of many co-investigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the U.S. and Canada. For up-to-date information, see http://www.adni-info.org. Data for the present analysis were downloaded from the ADNI web site in November 2010.
In order to be included in the current analysis, individuals had to have family history (FH) information defining the dementia status of both parents. A positive family historyofdementia (FH+) was considered if either parent had dementia. Of the 821 individuals that completed the questionnaire, 235 subjects had maternal but not paternal history of dementia (FHm), 76 subjects had paternal but not maternal history of dementia (FHp), 31 subjects had both maternal and paternal history of dementia (FHboth), and 465 had neither maternal nor paternal history of dementia (FH−). We did not include individuals with incomplete or uninformative family histories in these analyses (n = 14).
Clinical assessment
Standard clinical and neuropsychological evaluations were conducted at regular intervals and standardized across ADNI sites (ADNI protocol available at http://www.adni-info.org). All data records were reviewed by a Central Review Committee to insure the uniform application of eligibility and diagnostic criteria across sites (including conversion from MCI to AD). The evaluations included a Clinical Dementia Rating (CDR) [11] , physical exam, laboratory procedures, a battery of cognitive screening instruments, and 9 neuropsychological tests. Collectively, these metrics comprise the Uniform Data Set defined by the National Alzheimer's Coordinating Committee [12] . We used the Mini-Mental State Exam (MMSE) [13] score and 11-item Alzheimer's Disease Assessment Scale-cognitive sub-scale (ADAS-cog) [14] as cognitive outcomes in our analyses.
Nondemented participants (ND) had MMSE scores between 24-30 (inclusive), a CDR of 0, and were non-depressed. Visits were schedule at baseline, 6, 12, 24, 36, and 48 months postenrollment for those with cognitive impairment. Participants diagnosed with MCI had MMSE scores between 24-30 (inclusive), a memory complaint and objective memory loss measured by education-adjusted scores on WMS-R Logical Memory II, a CDR of 0.5, largely preserved activities of daily living, and an absence of dementia. Participants diagnosed with AD had MMSE scores between 20-26 (inclusive), a CDR of 0.5 or 1.0, and met NINCDS/ADRDA criteria for probable AD.
CSF biomarkers
The ADNI Biomarker Core has previously described the procedures for acquiring and processing CSF for biomarker analysis [15] . Briefly, all individuals provided CSF samples after overnight fasting. Aβ and tau were measured using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX) with immunoassay kit-based, research use-only reagents (INNO-BIA AlzBio3; Innogenetics, Ghent, Belgium). We also assessed biomarkers as binary variables (i.e., positive or negative) corresponding to cut-points indicative of AD pathophysiology based on biomarker analyses in the ADNI sample [15] . Individuals whose CSF Aβ values were 192pg/mL or lower were considered "CSF Aβ-positive" [15] . Participants were classified as having an elevated CSF tau/A(3 ratio if it was >0.39 [16] .
PiB PET imaging
PiB PET imaging was performed on a subset of ADNI participants at 14 sites. Procedures for acquisition and processing are available online (http://adni.loni.ucla.edu/research/ protocols/pet-protocols/). In short, standard 4 × 1300 second frame dynamic PIB was acquired beginning approximately after 50 min of a tracer injection dose of 15+1.5 mCi (555 MBq) of PiB. Variations in ADNI PET acquisitions as well as a schematic of the acquisition time frame are available online (http://adni.loni.ucla.edu/wp-content/uploads/2010/09/ PET_PIB_Tech_Procedures_Manual_Supplv1.3.pdf). Only PiB values from the first PiB imaging timepoint were used in the present analysis. PiB standardized uptake value ratios (SUVR) normalized to the cerebellum were averaged within 14 a priori regions of interest that have been processed and posted by the University of Pittsburgh (http:// adni.loni.ucla.edu/wp-content/uploads/2011/03/UPitt_PIBPET_AD_ROI.pdf; details on processing here: http://www.loni.ucla.edu/twiki/pub/Trash/TrashAttachment/ UPitt_PIBPET_Analysis.pdf). Global PiB uptake was calculated as the average of PiB SUVR from 7 gray matter regions that have been used in combination for a global PiB value by other publications in the ADNI sample [17] and included the anterior cingulate, anterior ventral striatum, frontal cortex, lateral temporal cortex, occipital cortex, parietal cortex, and precuneus.
Statistical analyses
First, differences between FH− and FH+ (including FHm, FHp, or FHBoth individuals) groups were tested across all diagnostic groups using parametric analyses (ANOVA) or nonparametric analyses (Chi square, Kruskal-Wallis) when appropriate, controlling for age, gender, education, and diagnostic classification (global CDR) at baseline. Primary analyses did not focus on APOE4-controlled biomarker data to avoid variance inflation given its high correlation with CSF and PiB measures of Aβ [18] ; however, results from secondary APOE4-controlled analyses are reported in the text. Post-hoc testing was performed to test for parent gender effects (FHm and FHp subgroups). Because we had a larger sample size of individuals with CSF measures, for those analyses we also did tests within diagnosis groups. As determined with Shapiro Wilks test, Global PiB, CSF Aβ 42 , total tau, and tau/Aβ measures were not normally distributed (p <0.05) within one or both of the FH+ and FH− groups. For these variables, statistically significant results obtained from raw data were confirmed after applying a log transformation of the raw values.
Results
From the ADNI dataset, we identified 403 individuals for whom both CSF and family history data were available (n = 209 FH− and n = 194 FH+; FHp = 42, FHm = 130, and FHBoth = 22). Of these 403 individuals, 99 had at least one PiB-PET scan (n = 54 FH− and n = 45 FH+; FHp =10, FHm = 27, and FHBoth = 8). Descriptive information on the PiB-PET cohort is provided in Table 1 . There were no significant differences in age, gender, education, distribution of APOE4 carriers, MMSE, ADAS-Cog, or breakdown of diagnoses per group in the PiB cohort. Demographics for the CSF cohort can be found in Table 3 . In the CSF cohort, there were significant differences in age between FH groups, with FH+ individuals being significantly younger (p < 0.005). Otherwise, there were no significant differences in age, gender, education, distribution of APOE4 carriers, MMSE, ADAS-Cog, or breakdown of diagnoses per group.
PiB-PET measures
Cerebral amyloid load as measured by PiB-PET (mean global PiB uptake) was higher in the FH+ group than it was in the FH− group (p = 0.009, Table 1 ). This difference remained significant when accounting for non-normal distribution by assessing log-transformed values (p = 0.015) and when controlling for age, gender, education, and diagnostic classification. Our post-hoc analysis of global PiB uptake between family history subgroups showed that the FHm group had significantly higher global PiB uptake with both raw and logtransformed measures compared to the FH− group (p < 0.05). The FHp group did not have significantly different global PiB uptake when compared to the FHm and FH− groups.
In our analysis of mean PiB uptake within specific regions of interest, we found that FH+ individuals had significantly greater cerebral amyloid load in the parietal cortex (p < 0.05), precuneus (p < 0.05), and sensorimotor cortex (p = 0.005) ( Table 2 ), even when controlling for age, gender, education, and diagnostic classification. Controlling for APOE4 did not alter the results, thus data in Table 2 is adjusted for age, gender, education, diagnostic classification, and APOE4. Our post-hoc analysis of regional PiB uptake between family history subgroups showed that the FHm group had significantly more cerebral amyloid load in the parietal cortex, precuneus, and the sensorimotor cortex compared to FH− individuals (p = 0.003). The FHp group did not have significantly higher regional PiB uptake compared to the FHm and FH− groups.
CSF biomarkers
In the overall group, the CSF Aβ levels were significantly lower (p = 0.006) and the tau/Aβ ratios were higher (p = 0.05) in the FH+ group (Table 3) . There were no significant differences between FH− and FH+ groups in total tau. In our assessment of CSF biomarkers as binary variables, we found that CSF Aβ-positive (CSF Aβ ≤ 192) participants were most common in the FH+ group compared the FH−. Post hoc analyses of CSF measures within FH subgroups showed that FHm individuals had significantly lower CSF Aβ levels and higher tau/Aβ ratios than FH−, with a trend for differences compared to the FHp group. CSF Aβ-positive (CSF Aβ ≤ 192) participants were most common in the FHm group compared the FH− group.
Analyses within diagnostic groups revealed that FH+ individuals with MCI had significantly lower Aβ levels (p < 0.05), and a trend for higher tau/Aβ ratios (p = 0.058), and no significant difference in total tau compared to MCI FH− individuals (p = 0.101) ( Table 4) . MCI FH+ individuals also had a significantly higher proportion of AD-like Aβ levels compared to MCI FH− individuals (p < 0.05). There was no significant effect of FH on CSF biomarkers in ND or AD individuals. Our post-hoc analysis of family history subgroups revealed that FHm individuals with MCI had significantly decreased CSF Aβ levels, increased total tau, and increased tau/Aβ ratio compared to FH− and FHp individuals (p < 0.05). CSF Aβ-positive (CSF Aβ ≤ 192) participants were most common in the FHm MCI group compared the FH− (p < 0.05) and FHp individuals (p < 0.01). In other words, the FHp group had CSF measures that were more like the FH− group than the FHm group. Results remained significant when using log-transformed values for CSF measures (Table 5 ). All analyses were controlled for age, gender, and education. Controlling for APOE attenuated the differences in CSF measures between FH+ and FH− groups, most likely because ApoE is highly correlated with Aβ levels in CSF [18] . The effects of APOE4 on CSF biomarkers in the ADNI sample have been reported in a prior publication [19] .
Discussion
Overall, we found that a family history of dementia is associated with AD-typical biomarker changes. More specifically, we found that a maternal family history of AD is associated with increased global PiB uptake, specifically in the parietal, precuneus, and sensorimotor cortices, as well as decreased CSF Aβ levels and increased tau/Aβ ratio. When analyzing diagnostic group separately, this family history relationship with CSF measures was only significant in individuals with MCI, a heterogeneous pathological state. These data complement and extend reports of increases in Aβ burden on PiB-PET scans in FHm subjects in these same parietal and association cortex regions, and another report of increases in an AD-like CSF biomarker signature in individuals with a maternal family history of AD [20] .
Our findings suggest that a maternal family history of dementia may be associated with increased fibrillar Aβ deposition in the brain in posterior parietal and association cortex regions, a hallmark of AD pathophysiology. Increased brain Aβ levels in individuals with MCI have been associated with accelerated gray matter atrophy within temporal and parietal brain regions, and increased risk for progression to AD [21] . Interestingly, increased Aβ deposition on PiB PET scans has recently been shown in healthy individuals with a maternal family history of LOAD in the interior and posterior cingulate cortex, precuneus, and parietal regions among others [8] . Thus, impairment of the posterior cingulate and precuneus may be a marker to distinguish early stage AD from healthy aging [22] . For instance, otherwise healthy individuals at genetic risk for AD have abnormal default mode activity in the precuneus and parietal cortex [23] . Longitudinal studies in nondemented individuals with FHm have also shown a progressive decline in posterior cortical glucose uptake [7] , and increased regional gray matter atrophy in posterior parietal cortices [24] . Furthermore, reduced precuneus choline acetyltrans-ferase enzyme activity postmortem has been associated with increased [(3)H]PiB binding, increased soluble Aβ 42 , lower MMSE score, genetic risk, and more advanced AD pathophysiology [25] . We found a significant effect of FH on CSF biomarkers in MCI, as opposed to ND individuals, similar to another ADNI report of differences in hippocampal atrophy rates between FH groups [26] . This could be because of the stringency of clinical criteria for ND in the ADNI sample, a difference of parental history grouping, or differences in the CSF assay or processing. Overall, our results support these prior findings and demonstrate that individuals with a maternal family history of dementia have significantly increased fibrillar Aβ deposition in the precuneus, parietal cortex, and sensorimotor cortices. To our knowledge, this is the first report of parental history of dementia affecting PiB uptake in AD-vulnerable regions in MCI subjects.
CSF measures of Aβ and tau have shown prognostic value in discriminating MCI patients that will develop AD [27] [28] [29] . We found that a maternal family history of AD is associated with decreased Aβ levels and increased tau/Aβ 42 ratio in CSF, adding to a growing literature showing increased AD-associated biomarkers in individuals with a family history of AD. A recent report from the Washington University Adult-Children Study found that among cognitively normal middle-to older-aged individuals, age-related changes in brain Aβ 42 amounts were influenced by FH of AD [20] . In addition, Mosconi et al. recently reported reduced Aβ 40/42 ratio levels in CSF of nondemented FHm individuals [9] . Concurrently, we report that FHm individuals with MCI had the only significant reductions in CSF Aβ 42 . Studies have shown that reduced Aβ 42 levels in CSF are predictive of AD and reflect increased brain Aβ load [27] . Population-based CSF studies have found that reduced Aβ levels were related to AD risk in elderly individuals more than CSF total tau or phosphorylated tau [30] . Thus, ours and other studies show that individuals with a maternal family history of AD may have greater AD pathophysiology.
While the genetic basis for the transmission of imaging and CSF phenotypes of AD pathophysiology are unknown, studies of maternal inheritance, mitochondrial DNA (mtDNA) mutations, and cytochrome oxidase deficits in AD provide converging evidence for the role of mitochondria in risk for LOAD [5, 7, 8, [31] [32] [33] . Mitochondria supply energy from aerobic metabolism and play an important regulatory role in apoptosis, and produce and detoxify free radicals. Mitochondrial DNA is exclusively maternally inherited in humans, and may differ between persons with and without AD [34] . Studies of cytoplasmic hybrids (cybrids) demonstrate that AD mtDNA has decreased cytochrome oxidase activity and increased oxidative stress, among other abnormalities [35, 36] . Moreover, a recent study connected mitochondrial malfunction with a family history of AD by demonstrating that otherwise healthy FHm individuals have reduced cytochrome oxidase activity in platelet mitochondria compared to those with a paternal or no family history of AD, suggesting that mtDNA may influence AD risk [37] . Thus, converging evidence of platelet mitochondrial malfunction [37] , AD-like brain imaging phenotypes [5] [6] [7] [8] 24] , and CSF biomarkers of AD pathophysiology contribute to our hypothesis that increased risk for LOAD in FHm individuals may be due to mutations in mtDNA.
This study has several important limitations. In ADNI, parental history of dementia is provided by subject self-report, which, while practical to obtain, does not provide a neuropathologic diagnosis. Similar to a recent ADNI study on family history and structural imaging markers [26] , we chose to use a parental history of dementia as opposed to a parental history of AD, as in many instances the suspected etiology of parental dementia was never recorded. The rationale for using "family history of dementia" was based on the number of available subjects with a positive parental history with PiB PET data. This likely led to the inclusion of some subjects with parental non-AD dementia, such as vascular dementia, Parkinson's disease dementia, or dementia with Lewy bodies. Both limitations may have influenced our analyses by reducing our power to detect the presence or true extent of family history effect in AD. We did not observe a consistent relationship of FH with CSF measures in the AD group although we suspect the restricted variance in these measures reduce the power to detect a significant relationship. Moreover, there was an imbalance of individuals with a paternal versus a maternal family history in both PiB and CSF analysis, possibly limiting our power to find more significant relationships of FHp with AD biomarkers. We also had limitations in our small sample size of individuals with PiB data, with samples too small to perform analyses within clinical groups. Thus there was an imbalance within this sample of proportions of FHm versus FHp individuals in the ND and AD groups (all AD FH+ individuals were FHm, and the ND group had only 1 FHp individual). To address this, we corrected for clinical status as a covariate while examining PiB measures across all diagnostic groups. However, despite these statistical corrections, analysis of a combined diagnostic sample may have limited our ability to interpret our findings in terms of the role of PiB in risk for AD, since increased PiB in FHm may be due to a higher proportion of AD patients in the FHm group. Additionally, our findings were confined to associations between AD biomarkers and FH at baseline, and follow-up time in the ADNI study is warranted to investigate the causal relationship between FH and change in biomarkers, as well as progression to AD.
In conclusion, our results support and extend previous studies of FH and AD biomarkers, which demonstrate a relationship between FH, and particularly FHm status, and AD pathophysiology in the earliest stages of AD. These results are consistent with the view that in the earliest stages of AD, changesinthe brain associated with the disease process are influenced by a maternally inherited genetic factor. Table 1 Demographic and biomarker measures of ADNI participants with PiB-PET data (13) 13% (6) 10% (1) 15% (4) 13% (1) 0.196 MCI 59% (32) 64% (29) 90% (9) 55% (15) 62% (5) AD 17% (9) 22% (10) 0% (0) 30% (8) 25% (2) Global PiB uptake When FH− versus FH+ group differences were present, we identified specific group differences using post hoc contrasts, ° = FH− > FHm (p <0.01). FH−, negative family history of dementia; FH+, positive family history of dementia; FHp, paternal only family history of dementia; FHm, maternal only family history of dementia. FH− versus FH+ group differences were present, we identified specific group differences using post hoc contrasts described in the column post hoc results. Standard cut-points were used to classify individuals as "positive" CSF Aβ (≤192pg/mL) and as having an elevated tau/Aβ ratio (>0.39). Percentages in the diagnostic breakdown reflect percentage of total for column, representing each FH group.
Aβ, amyloid-β; AD, Alzheimer's disease; ADAS-Cog, Alzheimer's Disease Assessment Scale-cognitive subscale; CSF, cerebrospinal fluid; FH−, negative family history of dementia; FH+, positive family history of dementia; FHp, paternal only family history of dementia; FHm, maternal only family history of dementia; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; ND, no dementia. Table 4 CSF Biomarker data between FH groups, within diagnosis groups All values are means (SD) controlling for age, gender, and education. p values <0.05 (in bold) represent a significant difference present between groups. When FH− versus FH+ group differences were present, we identified specific group differences using post hoc contrasts described in the column post hoc results. Standard cut-points were used to classify individuals as "positive" CSF Aβ (≤ 192 pg/mL) and as having an elevated tau/Aβ ratio (>0.39). Aβ, amyloid-β; AD, Alzheimer's disease; ADAS-Cog, Alzheimer's Disease Assessment Scale-cognitive subscale; CSF, cerebrospinal fluid; FH−, negative family history of dementia; FH+, positive family history of dementia; FHp, paternal only family history of dementia; FHm, maternal only family history of dementia; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; ND, no dementia. 
